Introduction {#sec1}
============

Photosystems (PS) are membrane protein complexes that bind pigments and are responsible for light harvesting and its conversion into chemical energy by promoting a light-dependent electron transport chain across the photosynthetic membranes.^[@ref1]−[@ref4]^ In eukaryotic photosynthetic organisms, two photosystems work in series, photosystem I (PSI)^[@ref1],[@ref5],[@ref6]^ and photosystem II (PSII),^[@ref2]^ with PSI being a plastocyanin-ferredoxin light-dependent oxidoreductase and PSII a light-dependent water-plastoquinone oxidoreductase.^[@ref3]^ PSI and PSII are then connected by the protein complex called Cytochrome *b*~6~f which oxidizes plastoquinones and reduces plastocyanin.^[@ref7]^ Both PSI and PSII are composed of a core complex hosting the reaction center where charge separation occurs and an outer antenna system made of light-harvesting complexes.^[@ref8],[@ref9]^ In eukaryotic organisms, PSI is present in the thylakoid membrane as a monomer carrying its antenna moiety on one side in a "half-moon" shaped structure.^[@ref1]^ The reaction-center core complex is made up of the heterodimeric PsaA and PsaB subunits, containing the primary electron donor, a chlorophyll dimer called P700, which undergoes light-induced charge separation and transfers an electron through the sequential carriers A0, A1, FX being respectively a monomeric chlorophyll a, two phylloquinones, and a \[4Fe--4S\] iron--sulfur center.^[@ref1]^ The final acceptors, FA and FB, two other \[4Fe--4S\] iron--sulfur center, are located on another subunit, PsaC.^[@ref1]^ The redox potential of the primary donor, P700, is +0.43 V and that of the final acceptor, FB, is −0.53 V, producing a redox difference of −1.0 V. PSI absorbs in the 350--500 nm and 620--710 nm wavelength range: photochemical properties of PSI have been extensively studied either in intact cells or in detergent solution, revealing its extremely high quantum efficiency, close to 1, with a very short trapping time of excitation energy at the reaction center (30--70 ps),^[@ref8],[@ref10],[@ref11]^ and an energy yield of ∼58%.^[@ref12]^ The extremely high photochemical properties of PSI suggested its possible application in extracellular artificial devices as light convertor for the generation of electron transport chain^[@ref12]−[@ref22]^ or for ex vivo photocatalysis of redox reactions.^[@ref17],[@ref23]^ Moreover, PSI photochemical properties could also be potentially used for photoactivation of mammalian cells:^[@ref24]^ optical stimulation of living cells and tissues by means of micro- and nanoparticles is an extremely promising tool in medicine and biology in order to control neuronal networks or physiological functions.^[@ref25]^ The different applications of PSI require its assembly in stable systems. Previous reports demonstrated the importance of the environment for the photochemical properties of PSI,^[@ref26],[@ref27]^ which was reported to be successfully improved upon encapsulation in various organic/inorganic interfaces.^[@ref14],[@ref28]−[@ref37]^ In order to design an environmentally friendly photocatalytic system which could be also used for applications in mammalian cells, a biocompatible formulation of PSI is required. Micro- or nanoparticles can be applied, thanks to their small size and the protected environment they offer, to fibers, sensors, wires, sheaf, meshes, cosmetic, medical, diagnostic, and therapeutic fields.^[@ref38]^ Among the organic polymers for particles synthesis, chitosan and PLGA are interesting for their safety and biocompatibility.^[@ref38]−[@ref44]^ Chitosan is a cationic amino polysaccharide copolymer of β-(1--4) linked [d]{.smallcaps}-glucosamine and N-acetyl-glucosamine derived from chitin by alkaline or enzymatic partial deacetylation.^[@ref44]^ PLGA is a biocompatible copolymer of poly lactic acid (PLA) and poly glycol acid (PGA) that is used to synthesize biodegradable micro or nanoparticles.^[@ref38],[@ref40],[@ref41],[@ref43],[@ref45]^ Thanks to the rapid degradation without negative side effects on the human body and the absence of significant toxicity, the U.S. Food and Drug Administration (FDA) and the European Medicine Agency (EMA) have approved both chitosan and PLGA particles as delivery vehicle for drugs, proteins, and other molecules such as DNA, RNA, and peptides.^[@ref38],[@ref40],[@ref41]^ These kinds of micro and nanoparticles offer a nonpolar environment protecting hydrophobic compounds from water contact and mimicking what happens in cellular membranes and organelles. In this work, we investigated the possibility to encapsulate PSI complexes isolated from spinach leaves in organic microparticles (MPs) in order to obtain a stable and efficient light-dependent redox catalyst.

Materials and Methods {#sec2}
=====================

Photosystem I Purification {#sec2.1}
--------------------------

Photosystem I complexes were purified from spinach leaves as described in ref ([@ref46]). In particular, thylakoid membranes were purified from spinach leaves and then solubilized in 0.8% dodecyl β-D-maltoside, and the solubilized membranes were loaded on sucrose gradient in order to separate the different pigment binding complexes by ultracentrifugation. Isolated PSI were kept in 0.5 M sucrose, Hepes 20 mM pH 7.5, and 0.03% dodecyl β-D-maltoside: this buffer was also adopted for all the measurement of PSI in detergent conditions.

Synthesis of Poly Lactic-*co*-glycolic Acid Microparticles {#sec2.2}
----------------------------------------------------------

The modified solvent displacement method (MSD) was used in PLGA microparticles preparation^[@ref45]^ (Supporting Information, [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf)): a polymeric phase containing 500 μL of PEG 400 (Merck-Schuchardt), 500 μL of poly(vinyl alcohol) (PVA) 1% solution, 2 mL of PSI (chlorophylls concentration 89.1 μg/mL in the sample), and 20 mg of PLGA 75:25 (Sigma) was sonicated for 1 min (5 s of sonication alternated to 5 s of time pausing) and slowly added dropwise to an aqueous phase of 12 mL of 1% PVA (Sigma). Sonication power used was 8 W. The mixture was sonicated 4 min at the same rate. The whole preparation was kept under magnetic stirring for 6 h, and the solution obtained was centrifuged for 20 min at 12 000g; the pellet was resuspended in 15 mL of Milli-Q water, and the solution was dialyzed against deionized water overnight, with a cellulose membrane, cutoff 10--14 kDa (Sigma), to eliminate the excess PEG.^[@ref39]^ Two washing cycles with Milli-Q water were done to eliminate the excess PEG and the PSI, which has not been encapsulated; hence, microparticle solution was washed by centrifugation for 15--20 min at 12 000*g*, until the supernatant was transparent because of the absence of PSI (as confirmed by absorption measurements at 680 nm). Empty microparticles were prepared following the same protocol, but the volume of PSI solution was replaced by PVA 1%. All samples were lyophilized and resuspended in Milli-Q water at the proper concentration required for each experiment.

Synthesis of Chitosan Microparticles {#sec2.3}
------------------------------------

Chitosan microparticles were prepared via the ionic cross-linking method,^[@ref44]^ in which an anionic cross-linker, such as tripolyphosphate (TPP, Sigma), is used (Supporting Information, [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf)). In particular, 3 mL of TPP solution at 0.028% was added dropwise in 5 mL of chitosan solution 0.1%, in which 100 μg (chlorophylls concentration of 89.1 μg/mL) of PSI were added, under magnetic-stirring. Magnetic-stirring was then kept constant for half an hour, and a solution of microparticles was then washed twice by centrifugation for 15 min at 12000*g*, while the pellet was suspended in 500 μL of Milli-Q water. All samples were lyophilized and resuspended in Milli-Q water at the proper concentration required for each experiment.

Dynamic Light Scattering Analysis {#sec2.4}
---------------------------------

The PLGA MPs size and the Z-potential were estimated using the DLS technique (Nano ZetaSizer ZS, ZEN3600, Malvern Instruments, Malvern, Worcestershire, U.K.). All the analyses were performed at 25 °C by resuspending the synthesized microparticles in distilled water.

Differential Scanning Calorimetry (DSC) Analysis {#sec2.5}
------------------------------------------------

Differential scanning calorimetry (DSC) experiments were performed on a NanoDSC, TA Instruments (New Castle, Delaware, U.S.A.). Isothermal mode was used to evaluate the heat release due to the breakdown of the PLGA shell or due to the dissolution of the protein structure of the PSI. The experiments were run at a fixed temperature of 4 °C maintained overnight for the PSI samples and over the weekend for the encapsulated PSI. Experimental setup and data collections were managed with the DSCRun software (TA Instruments).

Atomic Force Microscopy (AFM) {#sec2.6}
-----------------------------

The synthesized microparticles were analyzed and characterized using the atomic force microscope (NT-MDT Solver Pro microscope, NT-MDT Spectrum Instruments, Zelenograd, Moscow, RU), with a single-crystal silicon--antimony-doped probe and a gold-coated base (NSG-01 from NT-MDT). To reduce nonlinearity and hysteresis in the measurements, prior to the AFM analyses the microscope was calibrated by a calibration grid (TGQ1 from NT-MDT). The analyses were performed using the tapping mode where the cantilever is driven to oscillate vertically near its resonance frequency. The lyophilized sample was resuspended in Milli-Q water, deposited on a mica substrate, and dried under a flux of argon. All the data were collected using the software Nova (NT-MDT). The resolution of the images acquired was 15 nm.

P700 Activity {#sec2.7}
-------------

PSI photochemical activity was measured following the kinetics of P700 oxidation. In particular, P700 oxidation upon actinic light illumination was analyzed measuring pump--probe transient absorption at 705 nm as previously described, using a JTS 10-LED pump--probe spectrometer (Bio-Logic SAS, Claix, France).^[@ref47]^ P700 oxidation kinetics were measured on PSI complexes in detergent (0.5 M sucrose, Hepes 20 mM pH 7.5, and 0.03% dodecyl β-D-maltoside) or in MPs (resuspended in water) at a chlorophyll concentration of 20 μg/mL applying an actinic orange light at 940 μmol·m^--2^·s^--1^. In the specific cases described in the text, electron donor and acceptor molecules (ascorbate and methyl-viologen respectively) were added to the MPs at a concentration of 1 mM. Ascorbate was used as electron donor because of its slower rate of P700^+^ reduction compared to electron transfer to methyl-viologen or charge recombination: in this way, the extent of P700^+^ was determined by the efficiency of PSI to donate electron to acceptors.

Fluorescence Lifetime Measurements {#sec2.8}
----------------------------------

Time-resolved fluorescence measurements were performed using a femtosecond laser excitation at 440 nm and a streak camera detection system, as reported in ref ([@ref47]). Briefly, laser pulsed at 440 nm operating at 80 MHz with temporal and spectral bandwidths of 140 fs and 5 nm, respectively, were focused onto the sample, maintaining a low laser power intensity (50 μW, 100 μm spot diameter). The samples were kept at a constant temperature of 11 °C by a temperature-controlled cuvette cooled by a Peltier system. The resulting collected emission was analyzed by a spectrograph (Princeton Instruments Acton SP2300) coupled to a streak camera (Hamamatsu C5680) equipped with a synchroscan voltage sweep module with spectral and temporal resolutions of ∼1 nm and ∼3 ps, respectively. Temporal broadening of the pump pulses caused by dispersive elements was confirmed to be well below the response time of the detection system. Fluorescence decay maps were then integrated in the 0--1800 ps time range in order to obtain the integrated spectra and in the 600--800 nm wavelength range for determining the integrated decay kinetics. Integrated decay kinetics were fitted with two (PSI in MPs) or three (PSI in detergent) exponential forms, whose amplitudes (A~*x*~) and decay constants (τ~*x*~) were used to calculate the average fluorescence decay, τ~AV~ as τ~AV=~Σδ~*x*~ \* τ~*x*~/ΣA~*x*~. In the case of PSI in detergent, the long decaying component with time constant in the ns time range was not considered for τ~AV~ calculation, as previously reported, being related to free chlorophylls or antenna proteins in the PSI sample. Photochemical efficiency of PSI was calculated from τ~AV~ as reported in ref ([@ref48]).

PSI Stability {#sec2.9}
-------------

PSI stability was measured in terms of maximum P700 oxidation level during high light (1500 μmol m^--2^ s^--1^) exposure for several days. PSI in detergent or in MPs were kept at room temperature in agitation exposed to LED white light (1500 μmol m^--2^ s^--1^) for up to 34 days. No volume loss was observed during treatment. P700 photochemical activity was measured as described above in the presence of ascorbate and methyl-viologen (1 mM) added fresh for each measurement.

Pigments Analysis {#sec2.10}
-----------------

The composition of the pigments present in PSI samples was analyzed after extraction with acetone 80%; microparticles were lyophilized and then resuspended in 400 μL of DMSO (DMSO temperature was about 65 °C) to extract the pigments of interest. The extracts were analyzed by RP-HPLC as described in ref ([@ref49]).

Statistical Analysis {#sec2.11}
--------------------

All the synthesis and measurements reported in this work were performed in three independent replicates with three technical replicates each. Error bars are reported as standard deviation.

Availability of Data and Materials {#sec2.12}
----------------------------------

All the data and materials generated and/or analyzed during the current study are available from the corresponding author on reasonable request.

Results {#sec3}
=======

Photosystem I Encapsulation in PLGA Microparticles {#sec3.1}
--------------------------------------------------

PSI supercomplexes were purified from spinach leaves as described in ref ([@ref46]). Isolated PSI complexes were then encapsulated in PLGA microparticles (MPs) as described in the [Methods](#sec2){ref-type="other"} section (Supporting Information, [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf)). PLGA polymer was initially chosen for MPs production because of the negative charges present in this molecule, which could potentially interact with oxidized P700^+^. The resulting MPs, after several washing steps, were green, and the pigment composition of this MPs was investigated by HPLC. As reported in Supporting Information, [Table S1](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf), the pigment content of PSI in PLGA MPs was like the pigments identified in PSI in detergent solution, suggesting the encapsulation procedure did not significantly alter the pigment binding properties of the PSI complex. Encapsulation efficiency, calculated on the basis of the analysis on the content of chlorophylls in microparticles, was 47.2%, indicating that the microparticles offer a suitable environment to the PSI encapsulation. In addition, from the chlorophyll content per gram of PLGA MPs, it was possible to calculate a PSI content per gram of PLGA MPs of 99 μmol PSI/g particles. Size and superficial charge of PLGA MPs containing PSI were then investigated by dynamic light scattering (DLS) compared to PSI in detergent. PSI in detergent solution was quite homogeneous with an average size of about 55 nm and a PDI (polydispersity index) of 0.06 (Supporting Information, [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf)). It is important to note that DLS measurements of PSI in detergent give information about the detergent micelles formed around PSI complexes, increasing the apparent diameter of the complexes from ∼20 nm (isolated PSI)^[@ref1]^ to 55 nm (PSI in detergent micelles). The empty microparticles suspension was homogeneous with an average size of 402 nm and a PDI of 0.02, thus confirming the uniformity of the suspension. Not surprisingly, the suspension of PSI containing PLGA MPs was inhomogeneous, with an average size of 1700 nm and a PDI of 0.5: encapsulated PSI might establish different interactions with the PLGA matrix and different MPs might contain different numbers of PSI complexes, giving rise to particles having inhomogeneous size. Moreover, microparticles can aggregate together, and this can affect DLS analysis. The superficial charge measured for PLGA MPs was negative, strictly connected to the chemical characteristics of the polymeric PLGA (Supporting Information, [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf)). Indeed, the amphiphilic nature of the PLGA monomers forces the polar carboxylic groups of PLGA to be exposed at the water solvent during the microparticles synthesis. The encapsulation of PSI in PLGA MPs was further confirmed by AFM measurements, showing that the empty PLGA MPs were much smaller compared with PLGA MPs containing PSI (Supporting Information, [Figure S2](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf)). Moreover, PSI containing PLGA MPs looked like spheres with well-defined outlines and smooth surface ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}), suggesting that all the PSI was encapsulated and not attached outside the shell. This finding is also consistent with the hydrophobicity of PSI complexes, leading to a reduced exposure to the water solvent.

![Atomic force microscopy (AFM) observation of PSI in PLGA microparticles. PLGA MPs visualized in three different modes: (a) Error-mode; (b) Semicontact; (c) 3D. The images have been acquired in dry mode.](sc-2019-00738n_0001){#fig1}

Photosystem I Encapsulation in PLGA Microparticles: Absorption and Fluorescence Emission Spectra {#sec3.2}
------------------------------------------------------------------------------------------------

To verify the presence of PSI in PLGA MPs and their optical properties, absorption and fluorescence emission spectra were acquired. PLGA MPs assembled in the presence of PSI were clearly characterized by absorption peaks in the 350--500 nm and 615--720 nm, as expected in the presence of chlorophyll binding complexes ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}). When the absorption spectrum of PSI in PLGA MPs was corrected for the scattering due to the dimension of the MPs, subtracting the signal obtained for empty PLGA MPs, it was possible to compare the absorption of encapsulated PSI vs PSI in detergent solution: PSI in PLGA MPs presented similar absorption characteristics of the PSI in detergent but exhibiting a broader peak in the 600--750 nm region, indicating the formation of stronger Chl-Chl interaction in PLGA MPs, which is likely due to a protein aggregation, with a consequent enlargement of the absorption spectrum.^[@ref50]^ In agreement with this observation, fluorescence emission spectra of PSI were characterized by a red-shift of the peak from 684 nm (in detergent) to 689 nm (in PLGA MPs) and by a stronger emission in the 700--750 nm region for PSI in PLGA MPs compared with PSI in detergent. The fluorescence emission above 700 nm in PSI complexes is due to energy transfer to low energy chlorophylls commonly named "red forms" which are strongly coupled forming a charge transfer state:^[@ref51]^ the red-shifted absorption and increased emission above 700 nm in PLGA MPs ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) might thus be attributed to a stronger Chl--Chl interaction likely caused by protein aggregation in MPs.

![Absorption and fluorescence emission spectra of PSI in detergent and in PLGA microparticles. (a) Absorption spectra of isolated PSI in detergent solution (black) or in MPs (red). The scattering traces of empty PLGA MPs is also reported in blue. (b) Absorption spectra of PSI in detergent solution vs PSI in PLGA MPs in the 600--750 nm range. Absorption spectrum of PSI in PLGA MPs was obtained after subtraction of the scattering trace of empty MPs. Absorption spectra were normalized to the maximum absorption in the 600--750 nm region. (c) Fluorescence emission spectra of PSI in detergent vs PSI in PLGA MPs upon excitation at 440 nm (similar results were obtained upon excitation at 475 or 500 nm). Fluorescence emission spectra were normalized to the maximum peak in the 600--750 nm region. (d) Difference absorption (gray) or fluorescence (orange) spectra obtained as PSI in PLGA MPs minus PSI in detergent.](sc-2019-00738n_0002){#fig2}

Photosystem I Photochemistry in PLGA Microparticles {#sec3.3}
---------------------------------------------------

PSI photochemical activity was measured in detergent and in PLGA MPs to evaluate the possible charge separation at the level of its reaction center, P700. Photochemical activity of PSI can be measured following the kinetics of P700 oxidation upon light exposure. Reduced P700 indeed has a maximum absorption peak at ∼705 nm, while the oxidized form P700^+^ has red-shifted absorption with a peak at ∼830 nm: kinetics of P700 oxidation can thus be obtained following the transient absorption decrease at 705 nm upon exposure of PSI to an actinic light.^[@ref52]^ As reported in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, both PSI in detergent solution and in PLGA MPs exhibited a significant P700 oxidation in actinic light, which was further increased in the presence of ascorbate and methyl viologen (MV) in solution as electron donor and electron acceptor, respectively. When the actinic light was switched off, P700^+^ was rereduced only in the presence of ascorbate. Interestingly, upon normalization of P700 oxidation kinetics to the total chlorophyll content, PSI in PLGA MPs was characterized by a P700^+^ formation increase of ∼75% compared with the same complex in detergent solution. To evaluate possible different light-harvesting properties of PSI in PLGA MPs compared to detergent, the functional antenna size of PSI was evaluated by measuring the kinetics of P700 oxidation in limiting light,^[@ref53]^ where the light-harvesting efficiency and the rate of P700 oxidation are inversely related. As reported in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b, the kinetics of P700 oxidation in limiting light, normalized to the maximum P700^+^ value, were similar for PSI in detergent or in PLGA MPs, indicating similar light-harvesting properties.

![Photochemical activity of PSI. (a) Light-dependent P700 oxidation of PSI in detergent or in PLGA MPs measured as transient absorption at 705 nm. Ascorbate (Asc) and methyl-viologen (MV) were added where indicated as electron donor and acceptor, respectively. Orange actinic light at 940 μmol m^--2^ s^--1^ were used to induce P700 oxidation. P700 oxidation kinetics were normalized to the chlorophyll content of each sample. (b) Light-dependent P700 oxidation measured under limiting light (12 μmol m^--2^ s^--1^) in the presence of electron donors and acceptors. Kinetics traces were in this case normalized to the maximum value. In these conditions, the kinetics of P700 oxidation are inversely proportional to PSI light-harvesting properties.](sc-2019-00738n_0003){#fig3}

The photochemical efficiency of PSI in PLGA MPs was then investigated by measuring fluorescence lifetimes: an increased photochemical efficiency will decrease the fluorescence lifetime and fluorescence quantum yield because of increased nonradiative de-excitation. Time-resolved fluorescence for PSI in detergent solution or in PLGA MPs were acquired by a time-resolved fluorescence spectroscopy system based on a Streak Camera detector by which the fluorescence emission kinetics are acquired at different wavelengths of emission, with the resulting 2D fluorescence maps reported in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. The fluorescence emission spectra integrated in the time range 0--800 ps confirmed the red-shifted emission for PSI in MPs compared to PSI in detergent ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b). As reported in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c, the integrated emission kinetics in the 650--800 nm emission range were faster in the case of PSI in PLGA MPs. Measurements of time-resolved fluorescence at different power intensity showed that the faster decay of fluorescence kinetics of PSI in PLGA MPs was not due to annihilation effect as reported in Supporting Information, [Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf). Average fluorescence lifetimes (τ~AV~) calculated from exponential fitting of the decay traces resulted as 48.7 ps in the case of PSI in detergent and 31.5 ps for encapsulated PSI (Supporting Information, [Table S3](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf)). These values can be approximated to the trapping time, the time required for the excitation energy to reach the reaction center, and can be used to calculate the photochemical efficiency of PSI as previously described,^[@ref48]^ resulting in 98.5% and 99.1% photochemical efficiency for PSI in detergent and in PLGA MPs, respectively.^[@ref48]^

![Time-resolved analysis of PSI in detergent or in PLGA microparticles. (a) Fluorescence decay maps obtained upon laser excitation (440 nm) of PSI in detergent or in MPs. (b) Integrated spectra in the 0--1800 ps time range. (c) Integrated kinetics in the 650--800 nm wavelength range.](sc-2019-00738n_0004){#fig4}

Stability of Photosystem I in PLGA Microparticles {#sec3.4}
-------------------------------------------------

The potential advantage of having a PSI complex encapsulated in MPs is an increased stability due to a shell effect of the organic matrix. The stability of PSI in PLGA MPs was thus investigated by DSC and compared to PSI in detergent solution. As reported in Supporting Information, [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf), a negative signal was measured for either PSI in detergent or in PLGA MPs, indicating that the disruption of PSI complexes is an exothermic event. Clearly, this negative peak was delayed in time when PSI was encapsulated in PLGA MPs compared with PSI in detergent solution: this result indicates that the presence of the PLGA shell conferred a longer stability to PSI.

The increased stability of PSI in PLGA MPs was then evaluated measuring the PSI photochemical activity after different times of illumination with strong white light (1500 μmol m^--2^ s^--1^). As reported in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}, PSI in detergent solution completely lost its photochemical activity after 5 days of illumination, while PSI in PLGA MPs exhibited an almost unaltered photochemical activity for at least 10 days. A residual 30% photochemical activity was still measured in PSI in PLGA MPs after 34 days of illumination.

![Stability of PSI in PLGA MPs to light exposure and lyophilization. (a) Maximum P700 activity measured at different time (days) of exposure to 1500 μmol m^--2^ s^--1^. (b) P700 oxidation measured in PSI in PLGA MPs before and after lyophilization, with the latter being resuspended in the same initial volume. Ascorbate and methyl-viologen were added fresh (1 mM) during each measurement.](sc-2019-00738n_0005){#fig5}

Encapsulation of PSI in Chitosan Microparticles {#sec3.5}
-----------------------------------------------

To evaluate if the increased photochemical activity and increased stabilization effect were specifically related to the chemical properties of the PLGA matrix, PSI encapsulation was also performed in chitosan MPs (Supporting Information, [Figure S5](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf)). As reported in Supporting Information, [Table S2](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf), chitosan MPs were half the size compared with PLGA MPs but with a positive superficial charge. AFM observation of PSI in chitosan MPs yielded similar results compared to PLGA MPs (Supporting Information, [Figure S6](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf)). Differently, the red-shifted absorption spectrum and fluorescence emission above 700 nm were less pronounced compared with PLGA encapsulation, even if still evident (Supporting Information, [Figure S7](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf)). Photochemical activity of PSI measured as P700^+^ oxidation was increased compared with PSI in detergent but lower compared with PSI in PLGA MPs (Supporting Information, [Figure S8](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf)). Stability of PSI in chitosan MPs was then evaluated as described above after different times of illumination with strong white light (1500 μmol m^--2^ s^--1^): differently from the case of PSI in PLGA MPs, encapsulation in chitosan MPs did not increase its stability during light exposure (Supporting Information, [Figure S9](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf)). The result obtained demonstrate that encapsulation in PLGA MPs is more efficient for preserving PSI photochemical activity and stability.

Photosystem I in PLGA Microparticles Is Resistant to Lyophilization {#sec3.6}
-------------------------------------------------------------------

An important parameter to be considered for possible applications of PSI MPs is the stability to lyophilization since in many cases MPs need to be dried to extend their shelf life and/or for convenient storage/transportation. PLGA MPs containing PSI complexes were thus lyophilized, and the residual PSI photochemical activity was measured on both dried and resuspended PLGA MPs. As reported in Supporting Information, [Figure S10](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf), P700 oxidation was still detectable even on lyophilized PLGA MPs. Moreover, when lyophilized PLGA MPs were resuspended in water, the same absorption spectra (Supporting Information, [Figure S11](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf)) were obtained comparing PSI in PLGA MPs before and after lyophilization. The photochemical activity of encapsulated PSI resuspended after lyophilization was then measured, upon addition of ascorbate and methyl-viologen as electron donor and acceptor, observing only a slight decrease compared to the PSI in PLGA MPs before lyophilization ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b): this result indicates that when PSI is encapsulated in the PLGA matrix, it can be lyophilized preserving most of its photochemical activity.

Photosystem I in PLGA Microparticles Can Catalyze Redox Reaction {#sec3.7}
----------------------------------------------------------------

Light-dependent P700 oxidation observed in PSI suggests its possible application as light-dependent catalyst for redox reaction. To prove this concept, encapsulated PSI in PLGA matrix was tested for possible reduction of methylene blue ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}). Methylene blue is indeed commonly used as redox indicator, since its absorption in the 500--700 nm range decreases in the reduced form.^[@ref54]^ When PSI in PLGA MPs were incubated with ascorbate as electron donor and methylene blue as electron acceptor, a decrease absorption at 537 nm was evident when light was turned on, indicating the formation of reduced methylene blue. Reduction of methylene blue was substantially higher when PSI was encapsulated in PLGA MPs compared with the case of PSI in detergent, consistently with the increased photochemical activity of PSI in PLGA MPs ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}). Even if at this stage it was not possible to assess if methylene blue reduction occurs inside the MPs, by a direct interaction of PSI with the probe, or outside the PLGA MPs through interaction with the PLGA matrix, this result indicates that the encapsulated PSI could be adopted to catalyze light-dependent redox reactions.

![Light-dependent reduction of methylene blue mediated by PSI microparticles. Samples were illuminated at 940 μmol m^--2^ s^--1^. Transient absorption data are reported as the difference in absorbance at 537 nm (ΔABS~537 nm~), setting as 0 the ΔABS~537 nm~ value at time 0.](sc-2019-00738n_0006){#fig6}

Discussion {#sec4}
==========

In this work the potential use of PSI in extracellular context as a light-dependent redox catalyst was investigated , exploiting the possibility to encapsulate this chlorophyll binding complex in an organic matrix formed by a PLGA polymer. PSI is indeed the photosynthetic complex with the highest quantum efficiency, and it is characterized by fast trapping time of tens of ps:^[@ref8]^ this complex could thus be considered as an extremely efficient nanomachine that can convert light energy into chemical energy by charge separation.^[@ref8],[@ref32]^ The results herein presented demonstrate that it is possible to encapsulate PSI in PLGA microparticles ([Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}, [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}) maintaining its high photochemical efficiency close to 1 ([Supplemental Table S3](http://pubs.acs.org/doi/suppl/10.1021/acssuschemeng.9b00738/suppl_file/sc9b00738_si_001.pdf)). Moreover, PSI encapsulated in PLGA microparticles was characterized by a stronger photochemical activity compared to the detergent solution case ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}), being able to exchange electrons with donors and acceptors added to the MPs mixture. The increased PSI photochemical activity observed in PLGA MPs compared with the detergent case is intriguing because from one side it supports the possible applications of this MPs for the exploitation of PSI photochemical properties, and from the other side, it stimulates a possible hypothesis explaining the effect of PLGA encapsulation on PSI activity. The reason(s) at the base of the increased photochemical activity of PSI in PLGA MPs might be several: the protein--protein interaction formed by PSI in the PLGA MPs might favor electron transfer process and/or PLGA matrix could allow for a more efficient electron transfer to and from the PSI complex. Encapsulation of PSI in PLGA MPs did not alter the light-harvesting properties of PSI but caused a broadening of the absorption spectrum with a stronger emission above 700 nm compared to PSI in detergent solution. This spectroscopic feature is usually related to a partial aggregation state of chlorophyll binding complexes:^[@ref50]^ in this condition, the different PSI complexes could thus be more interconnected creating an environment where charge separation at the level of P700 reaction centers is facilitated compared to the PSI monomers found in detergent solutions. A partial aggregation state of PSI could also be more similar to the in vivo condition, where the PSI complexes are present in the thylakoid membranes, which have been reported to be densely crowded by photosynthetic proteins.^[@ref55]^ Alternatively, since PSI is a membrane complex, formed by protein subunits with several hydrophobic domains, the protein--protein interaction induced in PLGA MPs could stabilize the complex conformation to a more photochemical active state compared with PSI in detergent. PSI in PLGA MPs catalyze a light-dependent electron transport chain from electron donors to electron acceptors: ascorbate was successfully adopted as electron donor, while both methyl-viologen and methylene blue were used as electron acceptors. Considering the porous structure of the PLGA matrix,^[@ref42]^ it is likely that electron acceptors and donors can diffuse inside the MPs and that the redox reactions occur upon direct contact with encapsulated PSI. However, it cannot be excluded that the PLGA matrix surrounding PSI could mediate the electron exchange between PSI and electron donors and/or acceptors. The PLGA matrix forming the MPs herein investigated is indeed characterized by negative charges, which could be the source of electrons for rereduction of P700 reaction center and/or reduction of the electron acceptors when electrons transported by PSI are available for regenerating the negative charges on the organic layer. Further investigations are required to evaluate the possible role of PLGA on the electron transport induced by light-dependent charge separation at the level of P700. Additionally, the encapsulation of PSI in chitosan MPs, characterized by positive superficial charges, did not increase PSI photochemical activity and stability as in the case of PLGA matrix, suggesting that the presence of negative charge on the MPs surface might be important for activity and stability of the encapsulated PSI. Indeed, encapsulation of PSI complexes in PLGA matrix conferred an additional stability compared with PSI in detergent solution. This enhanced stability for PSI embedded in PLGA MPs is likely ascribable to the amphiphilic nature of the polymer itself ensuring a hydrophobic environment as experienced by PSI in the thylakoid membranes. Conversely, chitosan MPs are not able to ensure a hydrophobic environment and PSI complexes even if embedded in the MPs and in a hydrophilic environment, leading to a possible easiest destabilization due to loss of protein conformation. PSI PLGA MPs maintained the same photochemical efficiency after 10 days of strong illumination, and after more than 30 days, a residual 30% photochemical activity was still detectable. Moreover, encapsulated PSI could be safely lyophilized with a minor reduction of its photochemical properties, observing P700 oxidation even in lyophilized PLGA MPs. The preservation of a functional PSI complex functionality after lyophilization represents an important achievement for the applications of PSI in PLGA MPs and for their storage and transportation.

Furthermore, these microstructures might represent new potential items to produce energy: they could be employed in photovoltaic panels and/or they could be used in the H~2~ production if coupled with a hydrogenase enzyme,^[@ref23]^ exploiting electron transport induced by PSI photochemistry to produce H~2~ from H^+^. In addition, it is important to note that a disadvantage in using MPs is that efficient coupling of PSI complexes with photovoltaic devices require proper orientation of PSI,^[@ref12]^ which is difficult to achieve in MPs. Several previous works reported the application of PSI in an extracellular environment coupled with artificial devices,^[@ref15],[@ref16],[@ref20]−[@ref22],[@ref24]^ carbon nanotubes,^[@ref56]^ metal oxide nanowires,^[@ref57]^ plasmonic nanostructures,^[@ref34]−[@ref36]^ conductive polymers,^[@ref58]^ redox hydrogel,^[@ref18],[@ref59]^ or assembled in metal--organic framework.^[@ref32]^ The advantage of the technology herein proposed, in addition to the increased photochemical activity and increased stability of PSI, consists of the organic matrix used for PSI encapsulation: PLGA polymers are environmental friendly compounds since they are biocompatible,^[@ref41],[@ref43]^ and their ester linkages are rapidly hydrolyzed once they enter a cell to produce the monomers, lactic acid and glycolic acid, which are then easily metabolized via the Krebs cycle. PLGA-based MPs have been indeed approved by U.S. Food and Drug Administration (FDA) and by the European Medicine Agency (EMA)^[@ref41]^ as a delivery vehicle for drugs, proteins, and other molecules such as DNA, RNA, and peptides. In this context, it is possible to conceive a potential application of PSI MPs interacting with animal/human cells or biomimetic system to specifically deliver light-dependent redox reactions.
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